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FOREWORD

This report was prepared by the Boeina Aerospace Comoany, Seattle,
Washington, for the Lewis Research Center (LeRC) of the National
Aeronautics and Space Administration (NASA). Life analyses of
various configurations of the LeRC plug nozzle thrust chamber
centerbody and outer cylinders were conducted in accordance with
Task II requirements of Contract NAS3-17838 "Thrust Chamber Life
Prediction". The study was under the cognizance of R. J. Quentmeyer
of NASA/LeRC.

The analyses and documentation of results were conducted bv E. W. Broaren
and W. H. Armstrong. The program manager was J. W. Straayer.
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1.0 SUMMARY

The objective of this study was to analytically determine the cyclic
thermomechanical behavior and fatigue life of various confiaurations
of the NASA/LeRC Plug Nozzle Thrust Chamber. This thrust chamber is a
test model which represents the current trend in nozzle design calling
for high performance coupled with weight and volume limitations as well
as extended 1ife for reusability. The study involves the use of
different materials and material combinations to evaluate their
application to the problem of low-cycle fatigue in the thrust chamber.

The cyclic heat flow analysis was performed with the Boeing Engineering
Thermal Analyzer (BETA) program. BETA is a large capacity digital
computer program for computing transient or steady state heat flow in
two or three dimensions.

Structural response to applied temperature/pressure loading cycles

was determinéd with the Boeing Plastic Analysis Capability for Engines
(BOPACE) digital computer program which provides capability to determine
incremental viscoplastic behavior of a structure subjected to large
changes in temperature, temperature gradients and pressure loadina.

Results are presented which show plots of continuous temperature histories
and diagrams of continuous isotherms at selected times durina the
operating cycle of the thrust chamber. Computed structural data show
critical regions for low-cycle fatigue and the histories of strain within
the regions for each operating cycle. Results show that cyclic life

is highly dependant upon operating conditions and material selection.
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2.0 INTRODUCTION

The advent of the Space Shuttle has brought a new era in the desian

and fabrication of rocket nozzles. The requirement of high-performance
coupled with weight and volume limitations has resulted in the design
of rocket nozzles that operate at chamber pressures in excess of 2000
N/Cm2 (3000 psia). This has elevated the throat heat flux from 3300
w/cm2 (20 Btu/in2-sec) for present day high performance rocket nozzles
to 16,000 W/em? (100 Btu/in-sec) for the Space Shuttle Main Engine.

A further requirement for future high performance rocket nozzles 1is
reusability. For example, the nozzle may have the requirement that it
be capable of operating for several hundred major thermal cycles.

The combination of high performance and reusability has created major
design problems. One of the critical aspects of the nozzle design

is the fatigue 1ife analysis. This has become a major desian problem
since a portion of the nozzle, particularly the throat section, is
subjected to cyclic inelastic strain due to the large temperature
gradient between the hot inner wall and the relatively cool outer
shell during the engine start-stop transients as well as during the
sustained burn period. This has a major impact on nozzle 1ife and
creates the need to accurately predict when an engine may fail.

An essential part of any life analysis program is the availability of
the appropriate physical and mechanical properties which are needed

as functions of temperature for the materials used in fabrication of
high performance rocket nozzles. Recognizing this need, NASA has
initiated programs to obtain the necessary data; in particular LeRC

has programs to obtain high temperature material properties for

several copper-base alloys. These alloys which show potential appli-
cation as thrust chamber liners have been fabricated into thrust
chamber test specimens so the material can be subjected to a combustion
environment. The goal of the LeRC research test program is to evaluate

the materials for use in full scale engines.

2-1



THIS PAGE LEFT INTENTIONALLY BLANK.

2-2



3.0 PLUG NOZZLE THRUST CHAMBER

The structure analyzed during this study is the plug nozzle thrust chamber
which is comprised of two major components: a plug nozzle centerbody

and an outer cylinder. The region analyzed was near the throat plane

of the thrust chamber and is shown in cross section in Figure 3.0-1.
Details showing dimensions and structural arrangement of the centerbody
and outer cylinder are also presented in this figure.

Different materials were considered for each of the major components

so that a total of 6 configurations were analyzed. These 6 configurations,
consisting of 2 centerbodies and 4 outer cylinders, are defined in

Table 3.0-1. The materials considered in the study were 4 copoer alloys:
Amzirc, 1/2 hard; OFHC, fully annealed; NARloy-Z, wrouaght; electroformed
copper, as formed; and fine silver in the as-drawn condition.

The .0762 mm coating of zirconium oxide applied to centerbody configuration
A.2 was assumed to be effective only for thermal protection of the close-
out wall and was not considered to be a structural element.

3.1 MATERIAL PROPERTIES USED IN LIFE ANALYSES

The material properties required for the thermal and structural analyses
of the plug nozzle centerbody and outer cylinder configurations were
developed from data in Reference 1. These properties define the tempera-
ture dependent character of thermal conductivity, specific heat, density,
thermal expansion, modulus of elasticity, Poisson's ratio, hysteritic
stress-strain behavior, creep, and low-cycle fatigue life. The properties
used in this study are presented in Figures 3.1-1 through 3.1-17.

Stress-strain hysteresis data were not available for all materials and
only limited data could be obtained for the cooper alloys. Hysteresis
loops can provide the information necessary to define isotropic and
kinematic hardening characteristics of a material. In the absence of
the hysteresis data, it was necessary to use ordinary monotonic stress-

strain curves and certain assumptions concerning the effects of strain
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3.1 (Continued)

rates and strain reversal in order to model hardening behavior. The
hysteresis characteristics that were available were obtained from un-
published test data for Amzirc and NARToy-Z at temperatures in the
range of 290°K to 900°K and rates of strain up to 1 percent per second.
(Note: The anticipated rate of strain in the critical region of the
plug nozzle thrust chamber was expected to exceed 1 percent per second
by as much as one order in magnitude during the transient heating and
cooling conditions of the operating cycle). The cyclic test data for
Amzirc and NARToy-Z indicated that copper alloys are strain rate
sensitive. At strain rates approaching 1 percent per second, the
materials appeared to stabilize within fewer than 10 cycles of loading
and then exhibited no isotropic hardening or softening. Also, the
test data indicated no measurable change in kinematic hardening after
initial loading of a virgin specimen. Thus, it was assumed for this
study that typical strain stabilized behavior of the various materials
(including silver) could be characterized by constitutive properties
exhibiting no isotropic hardening and no change in yield with reversal
of strain. What this means is that the monotonic stress-strain curves
shown in Figures 3.1-6 through 3.1-10 were assumed to constitute both
tensile and compressive behavior of the materials with no change in size
of the hysteresis loop or yield point during the operating cycle,

The data used to characterize creep are shown in Figures 3.1-11 and
3.1-12. These curves are based on very limited information contained
in Reference 2. No creep data were available for EFCu and silver,
but for the purpose of analysis of time-dependent deformation, the
creep in these two materials was assumed to be similar to OFHC.

The Tow-cycle fatigue 1ife curves were obtained from Reference 1.

These curves were developed from cyclic test data for uniaxial specimens
subjected to complete strain reversals at uniform temperature. The
failure criterion of these curves is total fracture of the material.

The Tife curves were assumed applicable for temperatures in the range

3-2



3.1 (Continued)

of approximately 290°K to 800°K, all environments, and either effective
or uniaxial strain ranges.

3.2 OPERATING CONDITIONS

The operating conditions for the thermal analyses and stress-strain
analyses were specified by the NASA LeRC Project Manager. The thermal
operating conditions were defined in terms of thermal boundary conditions
(heat transfer coefficients, nozzle surface adiabatic wall temperatures,
and coolant bulk temperatures). Mechanical operating conditions consisted
of definitions of pressures on the nozzle surfaces and coolant channel
walls. A1l conditions were specified through a typical operating cycle,
consisting of a hot phase (engine burn), a cold phase (engine shut down
but coolant flowing), and transients connecting the two phases. All
conditions were constant during the two main phases and the transients
were all assumed to be linear variations between the appropriate main
phase values over specified perjods of time.

A11 boundary conditions used in the analyses are shown in Figure 3.2-1.
During the course of the study, the cylinder boundary conditions were
revised to more closely simulate the thrust chamber operating conditions.
This change is the reason for the different conditions shown for con-
figurations B.1, B.2 and configurations B.3, B.4. Configurations B.1

and B.2 were thermally analyzed for both sets of conditions but only

B.1 was structurally analyzed to predict its low-cycle fatigue life for
both conditions. The second analysis of B.1 was identified as con-
figuration B.1 Modified (B.1 Mod).
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A.

PLUG NOZZLE CENTERBODY (FIGURE 3.0-1)

1.

AMZIRC INNERBODY, INCLUDING CHANNEL RIBS, WITH AN
ELECTROFORMED COPPER WALL.

AMZIRC INNERBODY INCLUDING CHANNEL RIBS, WITH AN
ELECTROFORMED COPPER WALL HAVING A .0762 mm COATING
OF FLAME SPRAYED ZIRCONIUM OXIDE ON THE OUTER WALL.

PLUG NOZZLE OUTER CYLINDER (FIGURE 3.0-1)

AMZIRC INNER WALL, INCLUDING THE RIBS, WITH AN
ELECTROFORMED COPPER CLOSEOUT.

OFHC COPPER INNER WALL, INCLUDING THE RIBS, WITH
AN ELECTROFORMED COPPER CLOSEOQUT.

NARLOY-Z INNER WALL, INCLUDING THE RIBS, WITH AN
ELECTROFORMED COPPER CLOSEOUT.

SILVER INNER WALL, INCLUDING THE RIBS, WITH AN
ELECTROFORMED COPPER CLOSEOUT.

TABLE 3.0-I PLUG NOZZLE THRUST CHAMBER CONFIGURATIONS
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DETAIL B

OUTER CYLINDER

PLUG NOZZLE THROAT

CENTERBODY

40 COOLANT CHANNELS
CLOSEQUT WALL

72 COOLANT CHANNELS

CLOSEQUT WALL

2 o
\ >/¢3
26.67 R

CHANNEL RIB

INNER BODY

CHANNEL RIB

CENTERBODY
DETAIL A

OUTER CYLINDER

(DIMENSIONS IN MILLIMETERS) DETAIL B

FIGURE 3.0-1 CROSS SECTION OF PLUG NOZZLE THRUST CHAMBER THROAT
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DENSITY, g/cm (1b/in3)

THERMAL CONDUCTIVITY, Watt/cm °K(10—2 Btu/in sec °R)

Cor Tk Rsaties

Lo SSRETIE SR TINS SEOPRSTE] OVREIN G 1 Codapiiel v
0 1 222 444 555 666 777
(200) (400) ( (800)  (1000)  (1200) (1400)

TEMPERATURE, °K (°R)
FIGURE 3.1-1 EFFECT OF TEMPERATURE ON DENSITY OF SILVER AND COPPER ALLOYS
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FIGURE 3.1-2 EFFECT OF TEMPERATURE ON THERMAL CONDUCTIVITY OF SILVER
AND COPPER ALLOYS
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SPECIFIC HEAT, joule/kg °C (Btu/1b °F)

PRGN I 1
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——— - — NARlOy-Z =
————— FINE SILVER

0 o 333 244 555 666 777
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TEMPERATURE, °K (°R)

FIGURE 3.1-3 EFFECT OF TEMPERATURE ON SPECIFIC HEAT OF SILVER
AND COPPER ALLOYS
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LENGTH CHANGE FROM 294°K, PERCENT

ELASTIC MODULUS, 103 N/mm? (10° psi)
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FIGURE 3.1-4 THERMAL EXPANSION OF SILVER AND COPPER ALLOYS
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FIGURE 3.1-5 EFFECT OF TEMPERATURE ON ELASTIC MODULI OF SILVER
AND COPPER ALLOYS
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STRESS, N/mm (KSI)
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4.0 PLUG NOZZLE THRUST CHAMBER MODELS

The models used in analyzing the heat flow and structural behavior of
the centerbody and outer cylinder are presented. Two sets of models
were developed; one set was used to perform heat transfer analyses with
the BETA program, and the second set was developed to perform the
viscoplastic structural analyses with the BOPACE program. Boundaries

of the thermal and structural models were identical, but the number of
nodes and their locations were different. The mesh size and geometry

of each model was determined by accuracy and practical modeling require-
ments of the two types of analysis.

4.1 THERMAL ANALYSIS MODELS

The BETA program is a large capacity digital program for computing

transient or steady state heat flow in two or three dimensions. The program
performs numerical solutions of the thermal diffusion equations, accounting
for solid conduction, thermal capacitance, radiation interchange, convection,
and internally produced or absorbed heat, as required. Variation of

material properties with temperature or any other variable may be accounted
for and a wide variety of boundary conditions may be accommodated. A

more complete description of the BETA program may be found in Reference 3.

The analytical models of the nozzle centerbody and cylinder are shown in
Figures 4.1-1 and 4.1-2, respectively. The properties of symmetry

were exploited in order to treat the smallest representative segments
of each component, thus maximizing the practical modeling detail and
resulting analysis accuracy. The line segment intersections, some of
which are numbered on the figures, represent nodes at which mass and
material specific heat values were concentrated, thus defining thermal
capacitor quantities. The line segments connecting the nodes represent
thermal conductors, incorporating material thermal conductivity,
conducting length, and conductor cross section area. Qutput of the
analysis consists of temperatures at each of the nodes at any desired

times during the cycle.
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4.1 (Continued)

Appendix A gives the locations of nodes shown on Figures 4.1-1 and
4.1-2,

4.2 STRUCTURAL ANALYSIS MODELS

The finite element models used in the structural analyses of the
centerbody and outer cylinder configurations are shown in Figures 4.2-1
and 4.2-2. Each figure shows the finite element identification numbers
which correspond to the element data listed in Appendix B. The tabu-
lated element data are comprised of global node numbers which define
each finite element in terms of its local node numbers. The nodal
coordinate data are also listed in Appendix B.

The BOPACE program provides either the plane-strain or plane-stress

constant strain triangles for structural analysis of problems in

viscoplasticity. It was assumed that the more appropriate model of the

plug nozzle thrust chamber problem would be the plane-strain element. .

Because of symmetry of geometry and loading conditions at the nozzle
throat plane, it was possible to perform the structural analysis with
models bounded by the inner and outer surfaces and by radial planes
through the center of the channel ribs and coolant channels; the
boundaries of the BOPACE models coincide with the boundaries of the
BETA models.

The finite element models of the centerbody and outer cylinder consisted

of 157 nodes with 232 elements and 174 nodes with 281 elements resnectively.
A fine mesh was used to model the areas between the heated surface and
coolant channel because highly inelastic behavior was anticipated for

these regions. A relatively coarse mesh was used in the regions which
experience little or no inelastic deformation during the operating cycle.
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Note:

Many Node Numbers Omitted for Clarity
|
230 1237
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210 217
200 207
190 ‘ 197
180 { 187
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6 167
150 \1 152 157
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130 \ 132
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100 \ 102 106
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| 80 \ 86
!
5 70

76

N Note Scale Change

Convention for Node
Coordinates Shown in
Appendix A CONFIGURATION A.1 - DELETE NODES 230-237
COMFIGURATION A.2 - AS SHOWN

FIGURE 4.1-1 PLUG NOZZLE CENTERBODY THERMAL MODEL
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5.0 HEAT TRANSFER ANALYSIS

In addition to a definition of operating conditions as discussed in
Section 3.2, material properties discussed in Section 3.1, and
analytical models discussed in Section 4.1, the execution of the thermal
analysis required a descriotion of the initial temperature at each node.
For an analysis representing the first operating cycle of the engine,
some ambient or room temperature value could reasonably be assumed as

a uniform initial temperature.

Thermal analyses of the cold phase of B.1 were performed with the
initial cylinder temperatures assumed as room temperature and results
compared with results based on initial temperatures assumed as computed
temperatures at the end of the hot phase. It was found that the effects
of the differences in initial temperatures disappeared long before the
end of an assumed 1.5 second initial chill-down phase. Furthermore,

it was found in each cold phase analysis that all cylinder and center-
body configurations reached a constant, uniform temperature condition,
with temperature equal to the coolant bulk value, before the end of

the cold phase. Thus, this temperature was used throughout all thermal
analyses as the initial temperature existing at the beginnina of the
cold-hot (engine start) transient. The procedure actually followed

for each configuration was to analyze the hot phase first and to use
the temperatures computed at the end of the hot phase as the initial
temperatures for the cold phase.

Since the length of each cold phase was apparently sufficient to allow
an approach to steady-state conditions, it was concluded that the
thermal analysis of a single cycle as described, simulated with equal
accuracy, the first cycle of the engine's operation, or a typical
cycle in a chain of many.

5.1 THERMAL ANALYSIS RESULTS

Results of thermal analyses are summarized by means of plots of continuous
temperature histories for a few selected locations on all configurations
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5.1 (Continued)

and diagrams of continuous isotherms at a few selected times during the
cycle for configurations A.1 and B.1.

The summary temperature histories are shown in Figures 5.1-1 through
5.1-6. The time origin is the beginning of the engine start transient
for all the temperature plots.

Figures 5.1-7 through 5.1-16 show isotherms for 25°C temperature
intervals, drawn at selected times throughout the operating cycles

for configurations A.1 and B.1. The times indicated on the figures

are based on the same origin as for the temperature history plots.
Examination of the temperature data for the other configurations showed
no significant differences in the character of their temperature
distributions from those shown in the figures. For this reason isotherm
drawings were not made for the other configurations.
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Figure 5.1-7 CONFIGURATION A.1 ISOTHERMS

TIME = 0.09 SECOND AFTER START
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Figure 5.1-8 CONFIGURATION A.1 ISOTHERMS

TIME = 0.50 SECOND AFTER START
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TIME = 1.60 SECONDS AFTER START



132°K

131°K
(-22].’:) (_2240':)
150°K
\-‘
200°K ___|
(-100°F) "“\\\\\\\;
250°K
(-10°F) " |~
S
300°K
(80°F) —
350°K —
(170°F) ro0®
00°K
(260°F) |
450°K —
(350°F) _—_————”"//,,,——~
500°K
(440°F) L 550°K
— 1 {(530°F)

Figure 5.1-10 CONFIGURATION B.1 AND B.2 ISOTHERMS
TIME = 0.09 SECOND AFTER START
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CONFIGURATION B.1 AND B.2 ISOTHERMS

TIME = 0.50 SECOND AFTER START
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Figure 5.1-12 CONFIGURATION B.1 AND B.2 ISOTHERMS

TIME = 0.80 SECOND AFTER START
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TIME = 1.50 SECONDS AFTER START

5-15



364°K 366°K
(195°F) (199°F)

350°K

anefr) | o

325°K -
(125°F) T

300°K
(80°F)

275°Kk 1 —]

(35°F)

250°K _____,,/’///

(-10°F)

241°K 234°K
(-26°F) —(-39°F)

Figure5.1-14 CONFIGURATION B.1 AND B.2 ISOTHERMS

TIME = 1.60 SECONDS AFTER START -
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Figure 5.1-15  CONFIGURATION B.1 AND B.2 ISQOTHERMS
TIME = 1.80 SECONDS AFTER START
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Figure 5.1-16  CONFIGURATION B.1 AND 8.2 ISOTHERMS
TIME = 2.20 SECONDS AFTER START
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6.0 STRUCTURAL ANALYSIS

The thrust chamber structural analyses were oerformed with the BOPACE
computer program to account for, in an incremental manner, effects of
variable amplitude cyclic loads and temperatures. In addition,
variations of material properties with temperature, mechanically or
thermally induced plasticity, and combinations of creep and stress
relaxation are incorporated in the program.

Qutput from the BOPACE program provided histories of stresses and
strains and their multiaxial component parts (elastic, plastic and
creep) throughout the models of Section 4.0. These results were
evaluated to define regions of maximum strain and their effective
strain range histories for the operating cycles. The maximum effective
strain range was then used in conjunction with the fatigue data of
Section 3.0 to predict the number of cycles to fracture of each thrust
chamber configuration. A summary of predicted low-cycle fatigue

1ife of the thrust chamber configurations is shown in Table 6.0-1.

6.1 STRUCTURAL ANALYSIS RESULTS

Results of the structural analyses were summarized by means of strain
and temperature histories of the critical region in each confiquration.
The critical region is defined as the finite element exhibiting the
maximum effective strain range during the operating cycle. Strain
histories for radial, circumferential, and axial components are also
shown. Since histories are presented, the times at which maximum
strains were observed are also defined for the cycles. The critical
times occurred during start and shutdown transients and generally
coincided with times of maximum temperature gradient in the radial
direction.

The plots of component strains do not present the total strains in

that thermal strain is not included. The reason for this method of
presentation is that the plotted values were the quantities used in
computing the total effective strain (equivalent uniaxial strain)
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6.1 (Continued)

from the equation

“eff - vﬁ% V4€rt'5%t)2 O (*et': b2 (6.1-1)

r z Zz

where subscripts r, s, z denote radial, circumferential and axial
strains respectively and superscript t denotes total cumulative strain
defined by

t T

Here superscripts e, p, ¢, T denote elastic, plastic, creep and thermal
strains. Since the materials were assumed isotropic in thermal strain,
this quantity cancels from equation (6.1-1). It should be noted that
since the total strain in the axial direction must be zero for the
plane-strain model, the thermal strain histories are simply the negative
values of the histories shown for the axial strain component.

The critical strain and temperature data are shown in Fiaures 6.1-1
through 6.1-29. The time origin of the histories of strain and tempera-
ture is at the beginning of the initial thrust chamber cooldown from
294°K. The initial cooldown portion of the temperature cycle was
obtained from a BETA analysis of configuration B.1. Since the initial
cooldown was used only to carry the thrust chamber cylinder to the
beginning of start transient, the same initial temperature-pressure
increments were used for all cylinder configurations. These initial
cooldown increments provided satisfactory convergence within the
BOPACE program; experience has shown that more rapid convergence to
the deformed configuration is achieved when temperature increments of
< 65°C are used in the BOPACE analysis. The total temperature change
during initial cooldown of the cylinders was 249°C . Thus, several
Toading increments for initial cooldown were necessary. Since the
behavior during initial cooldown of the cylinder is time independent
and temperature gradients were not exnected to differ significantly

6-2
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6.1 (Continued)

from configuration to configuration, the conditions at the end of

this period depend only on the model, and the convergence criterion
required to follow the monotonically decreasing temperature to the
beginning of start transient. The initial period for the centerbody
simply consisted of a constant uniform temperature with constant
pressure in the coolant channel up to the beginning of start transient.

A sampling of strain and temperature histories of finite elements

within the high strain region of the centerbody and cylinder configqura-
tions are shown in Appendix C. The high strain areas within the center-
body and cylinder models are the closeout wall and the inner wall
respectively.

Centerbody Analysis - Configurations A.1 and A.2

Results for configurations A.1 and A.2 are summarized in Figures 6.1-1
through 6.1-7 which show strain and temperature histories of the
critical region. The critical region in both of the centerbody
configurations is element #232. This element is located at the center-
line of the rib on the heated side of the centerbody closeout wall.

Both centerbody models were identical except for the zirconium oxide
coating on A.2 and were analyzed for the same boundary conditions.

A comparison of results showed the 0.0762 mm coating of zirconium oxide
on the heated surface of A.2 to be quite effective in reducing structural
temperatures. The peak temperature observed in A.1 was approximately
600°K while the highest temperature in A.2 was only 500°K. The maximum
effective strains observed in A.1 and A.2 were respectively 1.15 and
0.72 percent. The maximum strain occurred during start transient

at the time of 1.80 seconds measured from beginning of initial cool-
down of the chamber.

The residual effective strain at the end of the cycle time, 5.15
seconds, was 0.14 and 0.10 percent for A.1 and A.2. No strain reversal



6.1 (Continued)

occurred in element #232. Thus the repetitive effective strain range
was 1.01 and 0.62 percent for A.1 and A.2. These effective strain
ranges were used with the fatigue data in Figure 3.1-15 to predict

the number of cycles to fracture in the critical region; the predicted
cycles to fracture in element #232 are 200 cycles and 500 cycles for
A.1 and A.2 respectively. Obviously the reduction of temnerature
through the use of the zirconium oxide coating is a desirable method
of extending the 1ife of the thrust chamber components.

A comparison of thermal and pressure loading effects was made by
considering the strain condition during the initial cooldown period

of the thrust chamber. This period extends from 0 to 1.65 seconds
during which time only coolant is flowing through the outer cylinder
and centerbody. The coolant temperatures for cylinder and centerbody
were 28°K and 294°K respectively (Figure 3.2-1). Since the thrust
Chamber initial temperature was assumed to be 294°K, only coolant channel
Pressure caused deformations to occur in the centerbody during the
initial 1.65 seconds. The channel pressure caused an effective strain
of 0.011 percent in element #232. Thus thermal loading is obviously
the more damaging of the two environments.

Predicted creep behavior of element #232 is shown in Figure 6.1-7.
Element #232 creep data are representative of computed time dependent
strains throughout the closeout wall region. The data show very little
difference in creep for the two centerbody confiqurations. This was
expected since time at elevated temperature was short and there was
not much difference between effective stress-temperature conditions
in the two models. A better definition of creep properties in EFCu
would possibly result in a larger difference between A.1 and A.2;
EFCu creep characteristics were assumed the same as OFHC copper in
Figure 3.1-11. The significant result however is the magnitude of
creep relative to total strain. Creep strains were three orders in
magnitude smaller than total effective strain. Thus creep is not a



6.1 (Continued)

significant factor in low-cycle fatigue damage of the centerbody.
Also, creep is expected to remain almost constant after the first
cycle because of hardening and the fact that unloading during the
cooldown transient happens so rapidly that measurable creep reversal
will not occur.

Cylinder Analysis - Configurations B.1 and B.2

Results for configurations B.1 and B.2 are summarized in Figures 6.1-8
through 6.1-14. The critical region in both of these cylinder config-
urations is element #10. This element is located at the centerline of
the rib on the heated side of the cylinder inner wall. Although

the inner walls of B.1 and B.2 are of different copper alloys, their
structural behavior was similar and both models were analyzed for the
same cyclic boundary conditions (Figure 3.2-1). In fact computed
structural temperatures were the same for B.1 and B.2 cycles because
the thermal properties used in the BETA heat flow analyses (Figures
3.1-1 through 3.1-3) were assumed to be the same for the B.1 and B.2
models. Thus the differences in structural behavior arose from
differences in mechanical properties shown in Section 3.1.

The maximum strains observed in B.1 occurred at times of 1.70 and
3.10 seconds measured from beginning of initial cooldown. The strain
and temperature histories are shown in Figures 6.1-8 through 6.1-10.
The effective strains in element #10 at the above times were 1.07
and 0.31 percent respectively and Figure 6.1-8 shows the strains
completely reversed during the 1.70 to 3.10 second time period.

Thus the repetitive strain range used in the low-cycle fatigue
prediction was 1.38 percent. The residual strain at the end of the
B.1 cycle (time = 4.50 seconds) was 0.42 percent but since the
circumferential strain at 4.50 seconds was of the same sign as for
1.70 seconds (Appendix C) the residual condition was not used to
compute the effective strain range for 1ife prediction.
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6.1 (Continued)

The critical strain range was applied to the fatigue data of Figure
3.1-13 to predict the number of cycles to fracture in element #10.
The predicted cycles to fracture is 3600 cycles. Temperature of
element #10 ranged from 700°K to 240°K during the critical time
period.

Although element #10 exhibited the maximum strain during the cycle,

it was noted the entire inner wall had an almost homogeneous effective
strain range of 1.3 percent. For example the effective strain range
in element #1 was 1.33 percent, element #4 has 1.34 percent and
element #1371 has 1.22 percent. Since the effective strain ranae

was almost uniform in the inner wall, the predicted life, i.e.,

the number of cycles for development of a through-crack in the

inner wall, is approximately 3600 cycles for the assumed model and
boundary conditions.

Prior to the analysis, it was assumed that the critical element would
be located on either the heated or coolant channel surfaces near the
centerline of the channel. Temperatures were higher on the heated
surface of this area and the wall is quite thin. The results did

not substantiate the supposition apparently because the "local"
temperature gradient at the rib was larger than the gradient at the
channel causing strains to be slightly higher in the rib area.

It was also observed that deformation of the inner wall was affected
by the closeout wall during start transient. The closeout wall was
cooler and had greater stiffness and apparently constrained the inner
wall and rib during this period. The constraint is evidenced by the
relatively large magnitude of negative strain in the circumferential
direction at the first critical time of 1.70 seconds. The outer wall
effect was not as great during shutdown after burn probably because
the temperature gradient from inner to outer surfaces was smaller

and the stiffnesses of the inner and outer walls were more nearly the
same.



6.1 (Continued)

Results of the B.2 analysis are summarized in Figures 6.1-11 through
6.1-13 and are similar to the B.1 data. The critical times were 1.70
and 3.10 seconds with corresponding effective strains of 1.36 and

0.32 percent in element #10. The critical strain range of 1.68 percent
was applied to the curve in Figure 3.1-14 to predict the number of
cycles to fracture in element #10. The predicted cycles to fracture

is 190 cycles. A uniformity in strain range was also observed in
configuration B.2. In fact the strain range in element #131 was

the same as for element #10 (Appendix C).

Element #131 strains during shutdown were relatively large for

the B.2 configuration. The apparent reason for higher strains in

the thin inner wall during shutdown of B.2 was the outer wall constraint
imposed on the inner wall and rib in this time period. Although the
outer wall was hotter (300°K) than the inner wall (240°K) very little
plastic deformation of the outer wall was present. The average
effective strains of the outer and inner walls at 3.10 seconds was
0.1 percent and 0.5 percent respectively. Fiqures 3.1-7 and 3.1-9
show that the material stiffness (tangent modulus) for the outer

wall was significantly higher than for the inner wall for the above
temperature and strain conditions. Thus the outer wall has a large
effect on inner wall deformations during shutdown.

Creep behavior of B.1 and B.2 is presented in Figure 6.1-14. Creep
in element #10 is typical for the inner wall. Since effective creep
was three orders in magnitude smaller than total effective strain,
the time dependent strains had a negligible effect on the predicted
cycles to fracture of B.1 and B.2. The observations concerning
creep in the outer cylinders are generally the same as for the
centerbody.

6-7
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Cylinder Analysis - Configurations B.3, B.4, B.1 Mod

Boundary conditions were revised to more closely simulate the thrust
Chamber operating cycle. The revised cycle was applied in the analyses
of B.3 and B.4 and reevaluation of B.1. The analysis of B.1 for revised
operating conditions was identified as configuration B.1 Modified (B.1
Mod). Results for B.3, B.4 and B.1 Mod are summarized in Figures

6.1-15 through 6.1-29. The critical regions for these configurations
were near the centerline of the coolant channel. The critical element
for the copper alloy configurations, B.3 and B.1 Mod, was element

#131. The critical element for the silver configuration, B.4, was
element #2 located on the heated surface of the cylinder. The critical
times, i.e., times of maximum effective strain, were the same for

these three configurations. The critical times occurred at approximately
1.8 and 3.5 seconds measured from the beginning of initial cooldown
which means the critical strains occurred during start and shutdown
transients.

The strain and temperature histories for B.3 are shown in Figures
6.1-15 through 6.1-17. The critical strains in element #131 were 1.16
and 1.24 percent at 1.8 and 3.5 seconds respectively. Thus the
repetitive strain range used in predicting low-cycle fatigue failure
in B.3 was 2.40 percent. Strains in element #131 completely reversed
during the critical time period of 1.8 to 3.5 seconds.

The critical strain range was applied to the fatique curve of Figure
3.1-16. The predicted cycles to fracture in element #131 is 300 cycles.
The temperature of element #131 ranged from 700 °K to 100°K during the
critical time period.

The predicted strains in B.3 define a region of high strain extending
diagonally across the inner wall from element #8 on the heated surface
to element #131. This band of high strain is indicated by the shaded
region of Figure 6.1-18. The effective strains within this band are

6-8



6.1 (Continued)

shown in Figure 6.1-19. It was observed that a relatively large
gradient in effective strain range (approximately 5 percent per cm)
developed in the band extending from elcment #65 to element #131.
Element #131 is expected to be the "point" of initiation of a low-
cycle fatigue crack, but because of the large gradient in effective
strain range, it is difficult to predict the number of cycles to a
through crack condition. This is because the fatigue curve of Figure
3.1-16 was established from test data for uniaxial specimens with
homogeneous strains in the test section. Thus cumulative low-cycle
fatigue damage was uniform within the uniaxial specimen. Cumulative
damage is not uniform throughout the inner wall of B.3 and through
fracture of the inner wall will probably depend on the rate of crack
growth from the small area of element #131. (Note: The area of element
#131 is 0.0094 square mm, or approximately 0.7 percent of the area

of the inner wall model).

Results of the B.4 analysis are summarized in Figures 6.1-20 through
6.1-22. The maximum effective strains in the critical region, element
#2, were 1.16 and 0.80 percent at the critical times during start

and shutdown. The total strain range, 1.96 percent, was applied to the
fatigue curve of Figure 3.1-17 to determine the cycles to fracture

in element #2. The predicted cyclic life is 800 cycles.

A region of high strain was observed in B.4 and is shown as the shaded
area of Figure 6.1-23. The most highly strained elements are #1, #2,
#11 and #21. The effective strain ranges in these elements were 1.89,
1.96, 1.96 and 1.92 percent respectively.

Creep behavior of B.3 and B.4 is presented in Figure 6.1-24. Creep
in element #10 is typical of the magnitude of creep strain in the
inner walls of B.3 and B.4. Creep strains have a negligible effect
on the predicted cycles to fracture of B.3 and B.4.



6.1 (Continued)

Results of the B.1 Mod analysis are summarized in Figures 6.1-25 through
6.1-29. Strains in B.1 Mod were significantly higher than the B.]
configuration although the models were identical and maximum temperatures
were increased only 130°C for the B.1 Mod configuration. Also, the
critical region, element #131, was more clearly defined in B.1 Mod.

The critical effective strains in B.] Mod were 1.09 and 1.90 percent.

The resultant effective strain range of 2.99 percent gave a predicted

number of cycles to fracture of 800 cycles in element #131. The temp-
erature ranged from 700°K to 150°K in element #131 during the critical
time period.

Apparently shutdown was the most critical phase of the B.1 Mod cycle
causing a band of maximum strain as shown by the shaded area of Figure
6.1-28. A study of incremental strains and temperatures during the
shutdown transient indicate the probable cause of this behavior.

At the beginning of shutdown (time = 3.20 seconds) outer cylinder
temperatures decreased rapidly and strain reversal began in the inner
wall. At approximately 3.26 seconds the temperature change caused

an average plastic strain increment of 0.2 percent in the inner wall
but the closeout wall was still unloading elastically. Average
temperatures of the inner and outer walls at 3.26 seconds were 600°K
and 450°K respectively. At 3.32 seconds the average temperature of
inner and outer walls was approximately 400°K. At the critical time
of 3.50 seconds (time of maximum effective strain in element #131) the
average temperatures of the inner and outer walls were 100°K and 200°K
respectively. Also at 3.50 seconds the inner wall was highly inelastic
with an average effective strain of 1.4 percent, but the outer wall
was strained to only 0.1 percent. Thus, although the outer wall
temperature was higher, the outer wall was significantly stiffer and
constrained deformation in the inner wall. The result was the high
strain condition in the thin inner wall region.
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STRAIN VS. TIME, ELEMENT #232, CONFIGURATION A.1

FIGURE 6.1-1
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TIME (SECONDS)

EFFECTIVE STRAIN VS. TIME, ELEMENT #232, CONFIGURATION A.1

FIGURE 6.1-2
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TIME (SECONDS)

TEMPERATURE VS. TIME, ELEMENT #232, CONFIGURATION A.1

FIGURE 6.1-3
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TIME (SECONDS)

EFFECTIVE STRAIN VS. TIME, ELEMENT #232, CONFIGURATION A.2
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7.0 CONCLUDING REMARKS

The objective of this study was to analytically determine the low-
cycle fatigue life of various configurations of the LeRC plug nozzle
thrust chamber. An accurate prediction of low-cycle fatigue life is
based upon several important factors, possibly the most important

of which is the accuracy of prescribed boundary conditions and
resultant heat flow in the structure. The effects of changes in
operating conditions were demonstrated by comparisons of results

for configurations B.1 and B.1 Mod.

The finite-element model must simulate as closely as possible the
behavior of the structure. This requirement determines the mesh

size of the model as well as the type of element used in the analysis.
The plane-strain element was selected for this study, but it is probable
that the plane-strain assumption resulted in conservatively large
predictions of inelastic strains in the region of the throat plane.
Since the chamber is of finite length (approximately 10 cm) and is free
to displace axially, the behavior would be more accurately predicted
from a 3-dimensional analysis. Such an analysis would probably result
in Tow-cycle fatigue lives longer than predicted by the 2-dimensional
analysis of this study.

The description of material characteristics is important in that the
data must define material behavior in a given range of temperature,
strain and strain rate. Thus, the constitutitive data are intended
only to describe a limited number of physical phenomena decided at the
outset for a given material. Unfortunately available materials data
did not include all the information necessary to accurately characterize
the thrust chamber operating conditions. For example, stress-strain
hysteresis loops necessary for defining hardening characteristics were
not available for all materials. Thus, static monotonic stress-strain
curves were used, and no isotropic hardening or change in kinematic
hardening from cycle-to-cycle was assumed for the high strain rates
expected in the critical regions of the chamber. The use of the

7-1



7.0 (Continued)

monotonic stress-strain curves probably resulted in larger than actual
inelastic strains in the computation because copper and silver yield
strengths and moduli probably increase with increasing rates of strain
(strain rates of up to 20 percent per second were observed in the com-
puted data). Material properties derived from laboratory test
conditions which more closely simulate the high temperature high strain
rate thrust chamber cycle would provide greater confidence in predicted
thrust chamber behavior.

Obviously the interpretation of Tow-cycle fatigue data and determination
of the 1ife prediction curve will have a significant effect on the
predicted 1ife of the structure. For example, a 20 percent vertical
shift of the curve for 1/2 hard Amzirc (Figure 3.1-13) results in a

50 percent increase in life at a strain range of 2 percent. Even more
important is the slope of the life prediction curve.

Although creep damage was insignificant in the plug nozzle chamber,

as temperatures and burn times increase creep would probably have

a measurable effect on Tow-cycle fatigue life. Creep data for this
study were very limited. Accurate assessment of cyclic creep behavior,
especially under more severe conditions, can be achieved only if
appropriate test data are available to characterize first and second
stages of creep.

It was noted in Section 6.1 that large gradients in effective strains
were observed in the inner wall regions of cylinder configurations
subjected to temperatures which more closely simulate actual operating
conditions. Thus it is probably more appropriate to consider the pre-
dicted life in cycles to fracture as the number of cycles to crack
initiation at the location of highest effective strain range. Then flaw
growth analyses should be used to estimate the additional number of
cycles to develop a through crack.
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7.0 (Continued)

In summary a number of uncertainties still exist in low cycle
fatigue analysis. Some of these can be removed by more appropriate
material testing and the use of 3-dimensional modeling. A theory
which combines low cycle fatigue and fracture analysis should also
lead to improved understanding and predictions of fracture under
high temperature cyclic loading conditions which prevail in the plug
nozzle thrust chamber.
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TABLE  B-I NODE IDENTIFICATION NUMBERS AND
COORDINATES OF THE CENTERBODY
FINITE-ELEMENT MODEL

COORDINATES
NODE I.D. NUMBER RADIAL (inch) CIRCUMFERENTIAL (degree)

1 0.000 0.00
2 0.050 0.00
3 0.050 4.50
4 0.100 0.00
5 0.100 4.50
6 0.150 0.00
7 0.150 4.50
.8 0.200 0.00
9 0.200 4.50
10 0.250 0.00
11 0.250 4.50
12 0.320 0.00
13 0.320 4.50
14 0.400 0.00
15 0.400 4.50
16 0.500 0.00
17 0.500 4.50
18 0.600 0.00
19 0.600 2.25
20 0.600 4.50
21 0.700 0.00
22 0.700 4.50
23 0.800 0.00
24 0.800 2.25
25 0.800 4.50
26 0.900 0.00
27 0.900 2.25
28 0.900 4.50
29 0.930 0.00
30 0.930 1.50
31 0.930 3.00
32 0.930 4.50
33 0.950 0.00
34 0.950 0.75
35 0.950 1.50
36 0.950 2.25
37 0.95 3.00
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TABLE $-1: (CONTINUED)

COORDINATES
NODE I1.D. NUMBER RADIAL (inch) CIRCUMFERENTIAL (degree)
38 0.950 3.750
39 0.950 4.500
40 0.960 0.000
4] 0.960 0.750
42 0.960 1.500
43 0.960 2.250
44 0.960 3.000
45 0.960 3.750
46 0.960 4.500
47 0.970 0.000
48 0.970 0.375
49 0.970 0.750
50 0.970 1.125
51 0.970 1.500
52 0.970 1.875
53 0.970 2.250
54 0.970 2.625
55 0.970 3.023
56 0.970 3.375
57 0.970 3.750
58 0.970 4.125
59 0.970 4,500
60 0.980 3.038
61 0.980 3.375
62 0.980 3.750
63 0.980 4.125
64 0.980 4.500
65 0.990 3.053
66 0.990 3.375
67 0.990 3.750
68 0.990 4.125
69 0.990 4.500
70 1.000 3.068
N 1.000 3.375
72 1.000 3.750
73 1.000 4.125
74 1.000 4.500
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TABLE B-1  (CONTINUED)

COORDINATES
NODE I.D. NUMBER RADIAL (inch) CIRCUMFERENTIAL (degree)
75 1.0075 3.078
76 1.0075 3.375
77 1.0075 3.750
78 1.0075 4.125
79 1.0075 4.500
80 1.0150 0.000
81 1.0150 0.375
82 1.0150 0.750
83 1.0150 1.125
84 1.0150 1.500
85 1.0150 1.875
86 1.0150 2.250
87 1.0150 2.625
88 1.0150 3.089
89 1.0150 3.375
90 1.0150 3.750
91 1.0150 4.125
92 1.0150 4.500
93 1.0220 0.000
94 1.0220 0.375
95 1.0220 0.750
96 1.0220 1.125
97 1.0220 1.500
98 1.0220 1.875
99 1.0220 2.250
100 1.0220 2.625
101 1.0220 3.000
102 1.0220 3.375
103 1.0220 3.750
104 1.0220 4.125
105 1.0220 4.500
106 1.0290 0.000
107 1.0290 0.375
108 1.0290 0.750
109 1.0290 1.125
110 1.0290 1.500
111 1.0290 1.875
112 1.0290 2.250
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TABLE B-I (CONTINUED)

COORDINATES
NODE I.D. NUMBER RADIAL (inch) CIRCUMFERENTIAL (degree)
113 1.0290 2.625
114 1.0290 3.000
115 1.0290 3.375
116 1.0290 3.750
117 1.0290 4,125
118 1.0290 4.500
119 1.0360 0.000
120 1.0360 0.375
121 1.0360 0.750
122 1.0360 1.125
123 1.0360 1.500
124 1.0360 1.875
125 1.0360 2.250
126 1.0360 2.625
127 1.0360 3.000
128 1.0360 3.375
129 1.0360 3.750
130 1.0360 4.125
131 1.0360° 4.500
132 1.0430 0.000
133 1.0430 0.375
134 1.0430 0.750
135 1.0430 1.125
136 1.0430 1.500
137 1.0430 1.875
138 1.0430 2.250
139 1.0430 2.625
140 1.0430 3.000
141 1.0430 3.375
142 1.0430 3.750
143 1.0430 4.125
144 1.0430 4.500
145 1.0500 0.000
146 1.0500 0.375
147 1.0500 0.750
148 1.0500 1.125
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TABLE B-I  (CONTINUED)

COORDINATES
NODE I.D. NUMBER RADIAL (inch) CIRCUMFERENTIAL (degree)
149 1.0500 1.500
150 1.0500 1.875
151 1.0500 2.250
152 1.0500 2.625
153 1.0500 3.000
154 1.0500 3.375
155 1.0500 3.750
156 1.0500 4.125
157 1.0500 4.500
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TABLE B-I1 FINITE ELEMENT AND CORRESPONDING NODE
IDENTIFICATION NUMBERS OF THE CENTER-
BODY FINITE-ELEMENT MODEL

ELEMENT 1.D. NO. NODE 1 NODE 2 NODE 3
1 1 2 3
2 2 4 3
3 5 3 4
4 7 5 4
5 4 6 7
6 6 8 7
7 9 7 8
8 11 9 8
9 8 10 11

10 10 12 11
11 13 1 12
12 15 13 12
13 12 14 15
14 14 16 15
15 17 15 16
16 17 16 19
17 16 18 19
18 20 17 19
19 18 21 19
20 22 20 19
21 21 22 19
22 22 21 24
23 21 23 24
24 25 22 24
25 23 26 24
26 28 25 24
27 27 24 26
28 24 27 28
29 27 26 30
30 28 27 31
3] 26 29 30
32 30 31 27
33 32 28 31
34 30 29 34
35 31 30 36
36 32 3] 38
37 29 33 34
38 35 30 34
39 30 35 36
40 37 31 36
41 31 37 38
42 39 32 38
43 33 40 34
44 42 35 34
45 35 42 36



ELEMENT I.D. NO.

TABLE
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ELEMENT I.D. NO.

92
93
94

TABLE

B-1I

(CONTINUED)



ELEMENT I.D. NO.

137
138

TABLE

B-I1I

(CONTINUED)



TABLE  B-II (CONTINUED)

ELEMENT I.D. NO. NODE 1 NODE 2 NODE 3
179 112 125 126
180 113 126 127
181 114 127 128
182 115 128 129
183 116 129 130
184 117 130 131
185 133 120 119
186 134 121 120
187 135 122 121
188 136 123 122
189 137 124 123
190 138 125 124
191 ' 139 126 125
192 140 127 126
193 141 128 127
194 142 129 128
195 143 130 129
196 144 131 130
197 119 132 133
198 120 133 134
199 121 134 135
200 122 135 136
201 123 136 137
202 124 137 138
203 125 138 139
204 126 139 140
205 127 140 141
206 128 141 142
207 129 142 143
208 130 143 144
209 146 133 132
210 147 134 133
211 148 135 134
212 149 136 135
213 150 137 136
214 151 138 137
215 152 139 138
216 153 140 139
217 154 141 140
218 155 142 141
219 156 143 142
220 157 144 143
221 132 145 146
222 133 146 147



TABLE  B-II {(CONTINUED)

ELEMENT 1.D. NO. NODE 1 NODE 2 NODE 3
223 134 147 148
224 135 148 149
225 136 149 150
226 137 150 151
227 138 151 152
228 139 152 153
229 140 153 154
230 141 154 155
231 142 155 156
232 143 156 157
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TABLE C-1 CONFIGURATION A.1 RESULTS

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) € €4 e, off (°R)
113 1.65 -.0005 -.0097 .0 .0063 530
221 -.0087 .017 .015 530
232 .005 -.0130 0 530
113 1.665 .035 -.046 -.03 .049 562
221 .036 -.015 -.052 .051 584
232 .076 -.079 -.049 .095 581
113 1.68 .10 -.093 -.066 2 599
221 1 -.045 -.1N .13 646
232 .19 -.16 -.10 .21 640
113 1.685 .16 -.14 -.098 .19 633
221 .18 -.072 -.16 .20 702
232 .29 -.22 -.15 .32 692
113 1.69 .24 -.18 -.13 .26 669
221 .26 -.10 -.22 .29 761
232 .41 -.29 -.21 .44 748
113 1.695 .33 -.24 -.18 .36 714
221 .38 -.15 -.29 .41 835
232 .53 -.36 -.28 .57 819
113 1.70 .43 -.30 -.22 .46 758
221 .51 -.21 -.36 .53 906
232 .67 -.44 -.34 A 886
113 1.705 .52 -.35 -.26 .55 800
221 .59 -.24 -.41 .62 963
232 .75 -.48 -.39 .79 94
13 1.7 .60 -.39 -.29 .63 838
221 .68 -.28 -.47 A 1015
232 .88 -.57 -.44 .93 990
113 1.715 .65 -.42 -.31 .68 859
221 .72 -.29 -.49 .75 1041
232 .93 -.60 -.47 .98 1015



CONFIGURATION A.1 RESULTS (Continued)

ELEMENT TIME CUMULATIVE STRAINS (%)

TEMP,
(sec) €y € £, Coff (°R)
113 1.72 .68 -.45 -.33 72 877
221 .75 -.30 -.52 .78 1063
232 .99 -.64 -.49 1.04 1037
113 1.735 .72 -.47 -.35 .76 895
221 .78 -.31 -.54 .82 1085
232 1.04 -.66 -.52 1.09 1060
113 1.75 .75 -.48 -.36 .79 912
221 .82 -.32 -.56 .85 1106
232 1.09 -.69 -.54 1.14 1082
113 1.775 .76 -.48 -.37 .79 915
221 .82 -.32 -.57 .85 1110
232 1.10 -.69 -.5h4 1.14 1086
113 1.80 .76 -.48 -.37 .79 918
221 .82 -.32 -.57 .86 1114
232 1.10 -.69 -.55 1.15 1090
113 1.85 .75 -.48 -.37 .79 919
221 .82 -.32 -.57 .86 1115
232 1.10 -.68 -.55 1.15 1091
113 1.90 .75 -.47 -.37 .78 919
221 .82 -.31 -.58 .86 1116
232 1.10 -.68 -.55 1.14 1092
113 2.00 .75 -.46 -.37 .78 919
221 .82 -.31 -.58 .85 1116
232 1.09 -.67 -.55 1.14 1093
113 2.60 .75 -.46 -.37 .78 920
221 .82 -.30 -.58 .85 1116
232 1.09 -.66 -.55 1.13 1094
113 3.20 .75 -.45 -.37 77 920
221 .82 -.30 -.58 .85 1117
232 1.09 -.66 -.55 1.13 1094
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ELEMENT

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

TIME
(sec)

3.205

3.215

3.225

CUMULATIVE

[

8

.45
.29
.64

.44
.28
.63

.43
.27
.61

.42
.27
.59

.41
.26
.58

.40
.25
.56

.38
.23
.54

.34
.18
.50

.28
.14
.46

.24
.074
.42

C-4

CONFIGURATION A.1 RESULTS (Continued)

STRAINS (%)

£z “eff
-.37 .77
-.56 .84
-.54 1.12
-.36 76
-.55 .82
-.53 1.10
-.35 75
-.54 .81
-.52 1.08
-.35 .74
-.53 .80
-.50 1.04
-.34 .73
-.51 .77
-.49 1.02
-.34 71
-.50 .75
-.48 1.00
-.32 68
-.48 71
-.46 96
-.29 61
-.42 61
-.40 87
-.26 52
-.37 52
-.36 79
-.23 .44
-.32 .41
-.30 72

TEMP.
(°R)

913
1105
1083

907
1093
1072

800
1082
1060

894
1070
1049

888
1058
1038

881
1046
1026

868
1023
1004

838
972
954

802
917
901

768
862
848



ELEMENT

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

13
221
232

TIME
(sec)

3.325

3.375

CONFIGURATION A.1 RESULTS (Continued)

.33
130
61
.27
51
.20
43
15
072
34
.076
.20
.034
14

.034

.037
-.066
.14

CUMULATIVE

[

S

A7
.035
.37

.13

.013

.31
.093

.038

.26
.071

.073

.20
.031

.10

.13
.010

12

.091
.022

1

.10
.031

1

R

C-5

STRAINS (%)

€2 Ceff
-.19 .34
-.26 .32
-.25 .62
-.15 .28
-.20 .23
-.20 .52
-.12 .20
-.16 .18
-.15 .43
-.087 .16
-.11 .12
-.11 .33
-.038 .074
-.047 .092
-.046 .20
-.01M .030
-.012 1
-.013 .14
.000 .032
.000 1
.000 .14
.000 .040
.000 A0
.000 .14

TEMP,
(°R)

728
803
791

688
743
735

655
695
689

621
648
644

570
57¢
579

540
543
544

531
531
531

530
530
530



TABLE C-11 CONFIGURATION A.2 RESULTS

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP.
(sec) €, € :, o ff (°R)
113 1.65 -.0005 -.0097 .0 .0063 530
221 -.0087 .017 .015 530
232 .005 -.0130 011 530
113 1.665 .019 -.030 -.019 .030 550
221 .019 -.008 -.033 .030 564
232 .042 -.052 -.031 .057 562
113 1.68 .048 -.055 -.039 .064 570
221 .053 -.024 -.066 .070 599
232 .10 -.098 -.061 12 594
113 1.685 .085 -.082 -.060 10 592
221 .092 -.039 -.098 1 632
232 .16 -.14 -.091 .18 625
113 1.69 12 -1 -.079 .15 613
221 13 -.056 -.13 .16 665
232 .22 -.18 -.12 .25 656
113 1.695 7 -.14 -.10 .20 638
221 .18 -.076 -.17 .21 705
232 .30 -.28 -.16 .33 694
113 1.70 .22 -7 -.13 .25 664
221 .24 -.097 -.20 .27 744
232 .38 -.29 -.19 .42 732
113 1.705 .28 -.20 -.15 .30 689
221 .29 -1 -.24 .32 778
232 .45 -.33 -.22 .48 764
113 1.7 .33 -.24 -.18 .36 714
221 .34 -.13 -.27 .36 812
232 .52 -.38 -.25 .56 795
113 1.715 .35 -.25 -.19 .38 728
221 .36 -.14 -.29 .39 829
232 .55 -.40 -.27 .59 812



CONFIGURATION A.2 RESULTS (Continued)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) 2 €4 €, €aff (°R)
113 1.72 .38 -.27 -.20 .42 742
221 .38 -.14 -.30 .41 847
232 .59 -.42 -.28 .63 828
113 1.735 .41 -.28 -.21 .44 756
221 .40 -.15 -.32 .44 864
232 .62 -.44 -.30 .67 846
113 1.75 .44 -.30 -.23 .47 770
221 .42 -.15 -.34 .46 882
232 .66 -.46 -.32 .70 863
113 1.775 .44 -.30 -.23 .48 773
221 .43 -.15 -.34 .46 886
232 .68 -.46 -.32 1 868
113 1.80 .45 -.30 -.24 .48 777
221 .43 -.15 -.34 .47 890
232 .67 -.46 -.33 72 872
113 1.85 .44 -.30 -.24 .48 778
221 .43 -.15 -.34 47 891
232 .67 -.46 -.33 71 873
113 1.90 .44 -.30 -.24 .48 778
221 .43 -.15 -.34 .47 891
232 .67 -.46 -.33 A 874
113 2.00 .44 -.29 -.24 47 778
221 .43 -.14 -.35 .46 892
232 .67 -.45 -.33 e 875
113 2.60 .44 -.28 -.24 47 778
221 .43 -.14 -.35 .46 892
232 .67 -.44 -.33 .71 875
113 3.20 .44 -.28 -.24 .47 778
221 .43 -.14 -.35 .46 892
232 .67 -.44 -.33 A 875
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ELEMENT

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

TIME
(sec)

3.205

3.215

3.225

CONFIGURATION A.2 RESULTS (Continued)

CUMULATIVE STRAINS (

Ee £

-.28 -.
-.14 -.
-.44 -.

-.28 -
-3 -
-.43 -.

-.28 -.
-.13 -.
-.43 -.

-.27 -.
-.13 -.
-.42 -.

-.27 -.
-.12 -.
-.42 -.

-.27 -.
-.12 -.
-.41 -.

-.26 -.
-. 1 -.
-.40 -.

-.24 -
-.095 -
-.37 -

-.22 -.
-.076 -.
-.33 -.

-.19 -.
-.057 -.
-.30 -.

Z

“eff

.47
.46
.70

.46
.45
.69

.46
.45
.69

.45
.44
.68

.45
.44
.68

.45
.43
.67

.44
.42
.65

.42
.39
.61

.38
.34
.56

.34
.30
.51

TEMP.
(°R)

776
887
870

773
882
865

770
877
861

767
872
856

765
867
851

762
862
846

756
852
836

741
827
813

723
791
786

704
770
759



ELEMENT

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

113
221
232

TIME

(sec)

3.325

3.35

3.375

3.40

3.45

3.50

3.80

CONFIGURATION A.2 RESULTS (Continued)

-.001
1096

CUMULATIVE STRAINS (¢

s
T
]

-.17
-.031
-.26
-.13
-.007
-.23
-1
.017
-.19
-.073
.040

-.025
.080

.009
-.078
.004

c-9

Z

14
.20
.19

12
.16
.16

.099
.13
.12

.077
.10
.10

.038
.047
.046

.01
.013
.014

.000
.000
.000

“eff

.013

.003
.10

TEMP,
(°R)

681
735
725

657
700
692

634
667
661

611
635
630

570
579
578

542
544
544

530
530
530



TABLE C-III CONF IGURATION B.1 RESULTS

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) ey € , Coff (°R)

1 .03 -.07 .04 .09 .10 419
4 -.07 .04 .09 .09 420
10 -.07 .04 .09 .09 424
131 -.08 .05 .10 1 412
1 .05 -. 11 .06 .15 .16 346
4 -.11 .06 .15 .15 348
10 -.11 .07 .15 .16 354
131 -.13 .08 .16 .18 333
1 .10 -.14 .04 .21 .20 282
4 -.13 04 .20 .20 284
10 -.14 .05 .20 .19 290
131 -.15 .06 .21 .21 272
] .20 -.14 -.02 .26 .24 212
4 -.14 -.02 .26 .24 214
10 -. 14 -.02 .26 .24 218
131 -.15 -.01 .27 .25 206
1 .30 -.14 -.06 .30 .28 165
4 -.14 ~-.07 .30 .28 165
10 -.14 -.07 .30 .27 168
131 -.15 -.07 .31 .28 160
] 1.50 -.16 -.16 .40 .37 50
4 -.15 -.16 .40 .37 50
10 -.14 -.18 .40 .37 50
131 -.15 -.17 .40 .38 50
1 1.58 .78 -.52 -.32 .81 869
4 .79 -.54 -.31 .82 859
10 .88 -.71 -.29 .95 830
131 .74 -.63 -.19 .81 726
1 1.60 94 -.51 -.49 96 1036
4 94 -.53 -.48 96 1027
10 1.01 68 -.45 1.06 997
131 89 -.62 .34 g2 886
1 1.70 .97 -.41 -.60 .99 1140
4 .97 -.43 -.59 1.00 1131
10 1.04 ~.58 -.56 1.07 1103
131 .90 -.49 -.44 .91 986



CONFIGURATION B.1 RESULTS (Cont'd.)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) e € £ Coff (°R)

1 1.80 .97 -.35 -.66 1.00 1192

4 .98 -.36 -.65 1.00 1183
10 1.03 -.50 -.62 1.06 1158
131 89 -.41 -.49 .90 1036
1 2.00 .96 -.26 -.72 1.00 1250

4 .96 -.27 =71 1.00 1243
10 1.01 -.38 -.69 1.05 1220
131 .87 -.32 -.55 .88 1094
1 3.00 .95 -.17 ~.78 1.01 1309

4 .95 -.18 -.78 1.01 1302
10 .99 -.28 -.76 1.04 1282
131 .85 -.23 -.6] .88 1150
1 3.025 .10 .24 -.23 .28 841

4 .10 .24 -.23 .28 841
10 .08 .22 -.23 .27 842
131 .18 .16 -.20 .24 800
1 3.05 -.12 .30 -.08 .26 610

4 -.12 .30 -.08 .27 612
10 -.12 27 -.08 .25 617
131 -.08 28 -.05 .23 582
1 3.07 -.22 .31 .01 .30 515

4 -.23 .31 .01 .3 518
10 -.22 .28 0 .29 523
131 -.19 .30 .03 .28 494
1 3.10 -.28 .28 .09 .33 422

4 -.29 .29 .09 .34 425
10 -.27 .25 .08 .31 434
131 -.25 .29 .10 .3 406
1 3.20 -.29 .16 .19 .31 305

4 -.31 A7 .18 .32 307
10 -.28 10 .18 .28 314
131 -.25 .15 .20 .28 294
1 3.40 -.29 .03 .29 .34 181

4 -.31 .04 .29 .35 182
10 -.25 -.07 .29 .32 185
131 -.24 0 .30 .3 176



ELEMENT

10
131

10
131

CONFIGURATION B.1 RESULTS (Cont'd.)

TIME CUMULATIVE STRAINS (%)
(sec) er 68 EZ Eeff
3.50 -.29 -.08 .32 .35
-.31 0 .32 .36
-.24 -.12 .32 .34
-.24 -.03 32 33
4.50 29 09 .40 41

LI B R |
n w
N =~

[ R R |
[AS]
w
F-
o
ey
no



TABLE C-IV CONFIGURATION B.2 RESULTS

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP.

(sec) €y € e, Saff (°R)
1 .03 -.12 .06 .09 .13 419
4 -.11 05 .09 13 421
10 -.10 .05 .09 12 424
131 -.14 .07 .10 .15 41?2
1 .05 -.23 12 .15 .25 346
4 -.22 .10 .15 .23 348
10 -.20 .08 .15 .21 354
131 -.27 .13 .16 .28 333
1 .10 -.29 1 .21 .30 282
4 -.27 09 .20 29 284
10 -.24 .07 .20 .26 290
131 -.31 12 .21 .32 272
1 .20 -.30 .06 .26 .33 212
4 -.29 .04 .26 .32 214
10 -.24 0 .26 .29 218
131 -.32 .06 .27 .35 206
1 .30 -.31 .01 .30 .35 165
4 -.29 -.01 .30 34 165
10 -.23 -.08 .30 .31 168
131 -.31 0 .31 .36 161
1 1.50 -.30 -.08 .40 .42 50
4 -.28 -.12 .40 .41 50
10 -.18 -.22 .40 .40 50
131 -.27 -.13 .40 .41 50
1 1.55 .91 -.62 -.32 .94 869
4 .92 -.64 -.31 .95 859
10 1.11 -.90 -.29 1.19 830
131 .82 -.68 -.19 .88 726
) 1.60 1.1 -.66 -.49 1.13 1037
4 1.10 -.67 -.48 1.12 1027
10 1.28 -.92 -.45 1.34 997
131 95 -.66 -.34 .98 886
1 1.70 1.16 -.60 -.60 1.18 1140
4 1.15 -.61 -.59 1.16 1131
10 1.32 -.83 -.56 1.36 1103
131 .96 -.56 -.44 .98 985



ELEMENT

131

131

10
131

10
131

10
131

10
131

CONFIGURATION B.2 RESULTS (Cont'd.)

TIME CUMULATIVE STRAINS (%)
(sec) £ € e, off
1.80 1.17 -.55 -.66 1.18
1.15 -.55 -.65 1.17
1.32 -.76 -.62 1.34
94 -.48 -.49 .95
2.00 1.16 -.47 -.72 1.18
1.13 -.46 -.71 1.15
1.28 -.65 -.69 1.30
89 -.36 -.55 .91
3.00 1.13 -.38 -.78 1.16
1.10 -.37 -.78 1.14
1.23 -.53 .76 1.26
.84 -.24 -.61 87
3.025 .22 .09 -.30 31
22 .07 -.30 31
35 -.03 -.30 37
0 .30 -.26 32
3.05 -.18 .27 -.08 27
-.19 .27 -.08 28
-.12 .22 -.08 21
-.45 .55 -.05 58
3.07 -.31 .31 .01 36
-.32 .32 .01 40
-, 24 .26 0 29
-.59 .60 03 69
3.10 -.38 31 .09 4]
-.39 .31 .09 42
-.30 .24 .08 32
-.64 .58 .10 70
3.20 -.39 .20 19 39
-.40 .20 18 39
-.29 .09 18 29
-.62 .44 20 64
3.40 -.35 .04 .29 37
-.35 .04 .29 37
-.20 -.12 .29 30
-.53 .24 .30 53

c-14

TEMP.
(°R)

1192
1183
1158
1036

1251
1243
1220
1094

1309
1302
1282
1150

841
841
842
800

610
612
617
657

515

523
494

422
425
434
406

305
307
314
294

181
182
185
176



ELEMENT

10
131

10
131

TIME
(sec)

3.50

4.50

CONFIGURATION B.2 RESULTS (Cont'd.)

CUMULATIVE STRAINS (%)

Er Ee EZ
-.34 0 32
-.33 -.01 32
-.18 -.18 32
-.50 .18 32
-.30 -.11 40
-.30 -.13 40
-.13 -.32 40
-.44 .04 40

Y 3



ELEMENT

10
131

10
131

10
131

131

TABLE C-V

TIME
(sec)

.03

.05

.10

.20

.30

.65

.68

.70

.725

g

.042
.040
.050
.054

.067
.065
.089
.097

.056
.054
.077
.086

.003
.000
.013
.024

CONFIGURATION B.3 RESULTS

CUMULATIVE STRAINS (%)

T

Z

.097
.096
.092
.10

[
o
00 o —
V)

“eff

TEMP.
(°R)

419
421
424
412

346
348
354
333

282
284
290
272

212

478

899
890
863
722



ELEMENT

10
131

10
131

10
131

10
131

10
131

10
131

10
131

10
131

10
131

TIME

(sec)

1

.75

.80

.85

.95

.50

.20

215

.222

.23

CONFIGURATION B.3 RESULTS (Cont'd)

CUMULATIVE STRAINS (%)

“r €q “z “eff
1.24 -.76 -.60 1.28
1.23 -.77 -.58 1.28
1.34 -.96 -.55 1.42
1.05 -.76 -.41 1.1
1.32 -.72 -.71 1.36
1.37 -.73 -.70 1.35
1.42 -.90 -.67 1.47
1.12 -.71 -.52 1.16
1.33 -.66 -.76 1.36
1.32 -.67 -.75 1.36
1.42 -.83 -.72 1.47
1.13 -.64 -.57 1.16
1.32 -.57 -.81 1.35
1.31 -.58 -.80 1.34
1.40 -.71 -.77 1.43
1.10 -.52 -.62 1.12
1.24 -.38 -.92 1.29
1.21 -.37 -.91 1.27
1.22 -.47 -.88 1.27

.89 -.21 -.73 95
1.21 -.32 -.92 1.27
1.19 -.32 -.92 1.26
1.20 -.35 -.91 1.26

.86 -.14 -.75 .94
1.17 -.30 -.88 1.22
1.13 -.28 -.87 1.18
1.12 -.29 -.85 1.17

.76 -.055 -.69 .84
1.14 -.29 -.85 1.18
1.09 -.26 -.84 1.14
1.09 -.28 -.82 1.14

66 .033 -.67 77
1.07 -.26 -.,82 1.13
1.02 -.22 -.80 1.08
1.04 -.25 -.79 1.08

.56 12 -.64 70



CONFIGURATION B.3 RESULTS (Cont'd)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP.
(sec) € € e, Coff (°R)

] 3.238 1.03 -.24 -.78 1.08 1326

4 .98 -.20 -.78 1.03 1320
10 .97 -.21 -.76 1.02 1305
131 48 .18 -.61 65 1161
1 3.245 .98 -.22 -.75 1.03 1298

4 .93 -.18 -.75 .98 1293
10 91 -.17 -.74 .97 1279
131 .40 .23 -.59 .61 1137
1 3.26 .86 -.18 -.67 .90 1218

4 .79 -.13 -.67 .85 1215
10 .76 -.079 -.66 .82 1203
131 .22 .35 -.52 .54 1067
1 3.275 .73 -.12 -.58 .77 1132

4 .65 -.065 -.58 71 1129
10 .59 .006 -.57 .67 1120
131 .034 46 -.44 .52 991
1 3.29 .59 -.072 -.50 .63 1045

4 .50 -.002 -.49 .58 1043
10 .43 .091 -.49 .54 1036
131 -.14 .57 -.37 .56 914
1 3.32 .34 .018 -.33 .38 872

4 .23 1 -.32 .34 871
10 .13 .24 -.32 .35 870
131 -.49 .77 -.22 .77 761
1 3.35 .092 .10 -.16 A7 700

4 -.028 21 -.16 .22 701
10 -.15 .38 -.17 .36 704
131 -.73 .88 -.075 .94 609
1 3.40 -.14 .15 .030 7 495

4 -.27 .27 .029 3 497
10 -.36 A1 .023 .45 504
131 -.92 .92 .083 1.06 435
1 3.45 -.35 .19 .21 .36 292

4 -.48 .31 .20 .49 295
10 -.57 .46 .20 .62 305
131 -1.12 .97 .23 1.22 262



CONFIGURATION B.3 RESULTS (Cont'd)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP.
(SEC) Er €e EZ Eeff ( R)

1 3.50 -.42 A7 .30 44 188

4 -.55 .29 .30 56 191
10 -.64 .43 .29 67 200
131 -1.16 .94 .31 1.24 173
1 3.60 -.42 .079 .36 46 120

4 -.56 .20 .36 56 121
10 -.64 .33 .35 66 126
131 -1.16 .84 .36 1.21 113
1 5.15 -.41 -.022 .42 48 50

4 -.54 10 .42 57 50
10 62 .21 .42 64 50
131 -1.15 .74 .42 1.17 50



TABLE C-VI CONFIGURATION B.4 RESULTS

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) e €, € > (°R)
f Z eff

] .03 -.10 .062 1 .13 419

2 -.10 .062 1 .13 420

4 -.099 .058 1 12 421
10 -.10 .069 10 .13 424
131 -.12 .075 .12 .14 412
1 .05 -.16 .088 .18 .20 345

2 -.16 .088 .18 .20 346

4 -.15 .086 .18 .20 348
10 -.16 1 7 .20 354
131 -.18 12 .19 .23 333
1 .10 -.18 .072 .24 .24 282

2 -.18 .072 .24 .24 283

4 -.18 .069 .23 .24 284
10 -.18 .092 .23 .24 290
131 -.20 .096 .24 .26 272
1 .20 -.18 .007 .30 .28 212

2 -.18 006 .30 28 213

4 -.18 003 .30 28 214
10 -.18 016 .30 28 218
131 -.19 020 .3 29 206
1 .30 -.18 -.043 .34 31 165

2 -.18 -.044 .34 31 165

4 -.18 -.047 .34 31 165
10 -.18 -.041 .34 31 168
131 -.19 -.037 .35 32 160
] 1.65 -.20 -.13 .45 .41 50

2 -.20 -.14 .45 .41 50

4 -.20 -.14 .45 .41 50
10 -.20 -.14 .45 .41 50
131 -.20 -.14 45 .42 50
1 1.665 -.11 -.19 .35 .34 157

2 -.11 -.19 .35 .34 156

4 -. 1N -.20 .35 .34 156
10 -.10 -.21 .36 .35 152
131 -.14 -.17 .38 .36 130
1 1.68 -.019 -.25 25 .29 263

2 -.021 -.25 25 .29 263

4 -.020 -.26 26 .30 261
10 -.014 -.28 .26 .31 254
131 -.074 -.21 .30 .31 211



ELEMENT

B —

TIME
(sec)

1.685

1.690

1.695

1.700

1.706

1.712

1.725

1.738

CONFIGURATION B.4 RESULTS (Cont'd)

CUMULATIVE STRAINS (%)

C-21

TEMP,

363

577

764
763
756
731
627

876
875
867
840
734

989
987
978
948
841



CONFIGURATION B.4 RESULTS (Cont'd)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) er se Ez EEff ( R)

1 1.744 1.05 -.57 -.53 1.07 1040

2 1.04 -.56 -.53 1.06 1038

4 1.12 -.65 -.52 1.14 1030
10 1.15 -.76 -.49 1.20 999
131 1.12 -.88 -.37 1.20 890
1 1.75 1.12 -.58 -.59 1.14 1092

2 1.1 -.57 -.59 1.13 1090

4 1.21 -.68 -.58 1.23 1081
10 1.27 -.83 -.54 1.32 1049
131 1.26 -.95 -.42 1.32 940
1 1.775 1.14 -.55 -.64 1.16 1134

2 1.13 -.54 -.64 1.15 1132

4 1.23 -.65 -.63 1.25 1123
10 1.28 -.79 -.59 1.32 1091
131 1.26 -.90 -.46 1.32 980
1 1.80 1.15 -.51 -.69 1.17 1175

2 1.14 -.50 -.68 1.16 1173

4 1.25 -.62 -.68 1.26 1165
10 1.31 -.76 -.64 1.34 1134
131 1.27 -.86 -.51 1.32 1020
1 1.85 1.14 -.44 -.74 1.17 1220

2 1.12 -.43 -.74 1.15 1218

4 1.23 -.55 -.73 1.25 121
10 1.30 -.69 -.69 1.33 1181
131 1.23 -.75 -.56 1.26 1065
1 1.95 1.08 -.32 -.81 1.13 1284

2 1.04 -.28 -.81 1.10 1282

4 1.18 -.44 -.80 1.22 1274
10 1.28 -.58 -.80 1.31 1248
131 1.13 -.58 -.63 1.16 1126
1 2.50 97 -.072 -.94 1.1 1402

2 .94 -.041 -.94 1.09 1401

4 1.10 -.21 -.94 1.19 1395
10 1.17 -.32 -.91 1.24 1373
131 1.12 -.46 -.76 1.16 1241
1 3.20 .96 -.027 -.97 1.12 1422

2 .93 .005 -.96 1.10 1421

4 1.10 -.17 -.96 1.20 1415
10 1.16 -.28 -.93 1.24 1394
131 1.12 -.42 -.78 1.17 1260



CONFIGURATION B.4 RESULTS (Cont'd)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP.
(SEC) gr ge € e (OR)

2 eff
1 3.208 .92 .006 -.93 1.07 1387
2 .89 .038 -.92 1.05 1386
4 1.06 -.14 -.92 1.15 1380
10 1.12 -.24 -.90 1.19 1360
131 1.08 -.40 -.75 1.12 1230
1 3.215 .85 .041 -.89 1.01 1356
2 .81 076 -.89 .99 1355
4 .99 -.1 -.88 1.09 1350
10 1.03 -.18 -.86 1.11 1332
131 1.04 -.38 -.72 1.08 1203
1 3.222 .78 .076 -.86 .95 1325
2 .74 11 -.86 .93 1324
4 .93 -.087 -.85 1.03 1319
10 .96 -.14 -.83 1.04 1302
131 1.00 -.36 -.69 1.03 1177
1 3.23 .70 12 -.82 .88 1290
2 .65 .16 -.82 .86 1289
4 .86 -.052 -.81 .97 1284
10 .89 -.11 -.79 .98 1269
131 .95 -.34 -.65 .98 1147
1 3.238 .62 .16 -.78 .82 1255
2 .57 20 -.78 .80 1254
4 .78 -.0Nn -.77 .90 1250
10 .82 -.077 -.76 .91 1236
131 .89 -.31 -.62 .92 1117
1 3.245 .55 .20 -.74 77 1224
2 50 .24 -.74 .76 1223
4 72 .024 -.74 .84 1219
10 77 -.050 -.72 .86 1207
131 .83 -.27 -.59 86 1090
1 3.260 .39 .27 -.65 .66 1146
2 .35 31 -.65 .66 1146
4 .56 .099 -.65 .70 1143
10 .62 .013 -.64 .73 1133
131 .67 -.18 -.51 .70 1022
1 3.275 .26 .32 -.56 .57 1063
2 21 .36 -.56 .57 1062
4 .43 .15 -.56 .59 1060
10 .44 L1 -.55 .58 1053
131 .45 -.026 -.43 .51 955



CONFIGURATION B.4 RESULTS (Cont'd)

ELEMENT TIME CUMULATIVE STRAINS (%) TEMP,
(sec) p €q £, Caff (°R)

1 3.290 .083 .41 -.46 .51 980
2 .016 .47 -.46 .54 979
4 21 .27 -.46 .47 978
10 .32 .16 -.46 .47 972
131 .34 .035 -.36 .40 876
1 3.32 -. 11 .48 -.29 .46 813
2 -.18 55 -.29 53 813
4 -.009 .37 -.29 .39 813
10 .062 .31 -.29 .35 812
131 11 17 -.20 .23 729
1 3.35 -.32 .56 -.12 .53 647
2 -.39 .63 -.12 .61 647
4 -.21 .45 -.12 .42 648
10 -.15 .41 -.12 .37 652
131 -.10 .27 -.054 .23 582
1 3.40 -.48 .57 .064 .61 468
2 -.55 64 .063 .68 468
4 -.37 .46 .061 .48 470
10 -.31 .42 .056 .42 476
131 -.55 .64 .063 .28 468
1 3.45 -.64 .57 .23 .72 289
2 -.71 .64 .23 .80 290
4 -.53 .46 .23 .60 292
10 -.47 .42 .22 .54 300
131 -.36 .24 .25 .40 267
1 3.50 -.66 .52 .29 .72 220
2 -.72 .58 .29 .79 220
4 -.54 .40 .29 .60 222
10 -.48 .35 .28 .53 230
131 -.36 A7 .31 4 205
1 3.60 -.67 .42 .38 71 125
2 -.74 .48 .38 .78 125
4 -.56 .30 .38 .60 126
10 -.48 .23 .38 .53 131
131 -.36 .045 .39 .43 119
1 5.15 -.66 .30 .45 .69 50
2 -.72 .36 .45 .75 50
4 -.54 .18 .45 .59 50
10 -.46 .092 .45 .53 50
131 -.50 -.089 .45 .46 50



TABLE C-VII CONFIGURATION B.1 MOD RESULTS

ELEMENT TIME SUM OF CUMULATIVE STRAIN (%) TEMP,
(sec) €p €4 £ c (°R)

2z eff
] .03 -.068 .04 .092 .095 419
10 -.068 .047 .088 .094 424
131 -.079 .051 .098 1 412
1 .05 -.11 .059 .15 .16 345
10 -.12 .076 .15 .16 354
131 -.13 .082 .16 .18 333
1 .10 -.13 .040 2] .20 28?2
10 -.14 .056 .20 .20 290
131 -.15 .058 .21 21 272
1 .20 -.14 -.021 .26 .24 212
10 -.14 -.015 .26 .24 218
131 -.15 -.014 .27 .25 206
1 .30 -.14 -.067 .30 .28 165
10 -.14 -.070 .30 .27 168
131 -.15 -.068 .31 .28 160
1 1.65 -.16 -.16 .40 .37 50
10 -.15 -.18 .40 .37 50
131 -.15 -.17 .40 .38 50
1 1.665 -.12 -.17 .35 .34 107
10 -.12 -.19 .35 .34 104
131 -.13 -.18 .36 .34 97
1 1.68 ~-.032 -.24 .24 .28 244
10 -.021 -.27 .25 .30 235
131 -.070 -.21 .28 .29 196
1 1.685 .037 -.28 .18 .27 315
10 .067 -.33 .19 .31 303
131 -.024 -.24 .23 .28 249
1 1.69 1 -.30 .12 .28 392
10 .18 -.39 .13 .36 376
131 .051 -.30 .18 .29 307

C-25



CONFIGURATION B.1 MOD RESULTS (Cont'd)

ELEMENT TIME SUM OF CUMULATIVE STRAIN (%) TEMP,
(sec) €y , aff (°R)

1 1.695 .23 -.34 .032 .34 492
10 .34 -.48 .050 .48 470
131 .19 -.38 .12 .36 383
1 1.70 .37 -.39 -.057 .44 590
10 .49 -.57 -.032 .61 563
131 .33 -.46 .057 .46 461
1 1.706 .53 -.45 -.16 .58 701
10 ' .70 -.68 -.13 .80 668
131 .51 -.56 -.030 .62 561
1 1.712 .66 -.49 -.25 .70 792
10 .85 -.76 -.21 .95 755
131 .66 -.63 -.11 .76 645
1 1.725 .83 -.54 -.37 .86 917
10 1.01 -.82 -.33 1.10 876
131 .86 -.7 -.22 .93 764
1 1.738 .95 -.57 -.46 .98 1009
10 1.10 -.84 -.42 1.18 967
131 .96 -.74 -3 1.02 852
1 1.744 .99 -.58 -.49 1.02 1039
10 1.12 -.85 -.45 1.20 996
131 .99 -.74 -.34 1.04 880
1 1.75 1.01 -.58 -.52 1.04 1064
10 1.15 -.85 -.48 1.23 1022
131 1.00 -.73 -.36 1.06 905
1 1.775 1.06 -.57 -.59 1.09 1125
10 1.20 -.83 -.54 1.27 1083
131 1.03 -.70 -.41 1.07 963
1 1.80 1.10 -.55 -.66 1.14 1184
10 1.24 -.81 -.61 1.31 1143
131 1.06 -.66 -.47 1.09 1021

C-26



ELEMENT

131

10
131

10
131

1

CONFIGURATION B.1 MOD RESULTS (Cont'd)

TIME
(sec)

.85

.95

.50

.85

.20

.205

21

.215

.22

.225

CUMULATIVE STRAIN (%)

8

-.50
-.75
-.59

-.42
-.64
-.48

-.25
-.40
-.25

-.22
-.36
-.20

-.21

-.34
-.19

C-27

“2

v
.67
.53

.78
.74
.60

.91
.87
.72

.93
.90
.74

.94
.90
.75

.91
.88
.73

.89
.86
71

.87
.84
.69

.85
.82
.68

.83
.80
.66

m

eff

1.16

.08

A7
.29
.06

17
.22
.99

.18
.21
.99

.18

.99

.16

.97

.13

94

1

91

.09

86

.08

.76



CONFIGURATION B.1 MOD RESULTS (Cont'd)

ELEMENT TIME SUM OF CUMULATIVE STRAIN (%) TEP.
(SeC) £ €. : ) (:)R)

r ] z eff '
1 3.23 1.00 -.18 -.81 1.06 1323
10 .92 -.19 ~-.78 1.00 1300
131 .51 21 -.64 .69 1171
1 3.24 .96 -.17 -.76 1.02 1285
10 .87 -.16 -.76 .94 1265
131 .26 .45 -.60 .65 1139
1 3.25 .91 -.15 -.73 .96 1250
10 .81 -.14 -.71 .88 1232
131 .067 .62 -.57 .69 1110
1 3.26 .82 -.12 -.66 .86 1186
10 .68 -.68 -.64 .76 1170
131 -.20 .83 -.51 .81 1053
1 3.28 .64 -.064 -.53 .68 1068
10 .45 .054 -.51 .56 1058
131 -.60 1.13 -.40 1.09 950
1 3.30 .47 -.010 -.40 .50 951
10 .23 A7 -.40 .40 946
131 -.78 1.24 -.30 1.22 846
1 3.325 .32 .016 -.27 .34 814
10 .038 .25 -.27 .30 813
131 -1.09 1.43 -.19 1.47 727
1 3.35 .18 .035 -.14 .19 679
10 -.14 .32 -.14 .31 682
131 -1.30 1.54 -.075 1.65 608
1 3.375 .081 .036 -.037 .069 569
10 -.27 .34 -.043 .36 574
131 -1.43 1.59 .015 1.75 512
1 3.40 -.007 .032 .058 .038 460
10 -.38 .36 .052 .43 468
131 -1.55 1.63 .094 1.84 417

C-28



ELEMENT

10
131

10
131

CONFIGURATION B.1 MOD RESULTS (Cont'd)

TIME SUM OF CUMULATIVE STRAIN (%) TEMP.
(sec) £y €q e, © o ff (°R)
3.425 -.062 .014 .13 1 374
-.44 .35 2 47 384

-1.61 1.63 .16 1.87 343

3.45 -.11 -.007 .19 .18 298
-.48 .34 .18 .50 309

-1.66 1.62 .21 1.90 276

3.50 -.15 -.061 .28 .26 196
-.53 28 .27 54 206

-1.70 1.57 .29 1.90 186

3.70 -. 11 -.22 .36 .35 104
-.48 .095 .35 .50 106

-1.68 1.42 .36 1.82 101

3.90 -.083 -.32 .40 42 50
45 -.022 .40 49 50

-1.66 1.34 .40 1.77 50
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